Major depressive disorder is a common global disease that causes a significant societal burden. Most interventional studies of depression provide a limited assessment of the interventions on mortality and suicide risks. This study utilizes data from an observational registry of patients with major depressive disorder to determine the impact of intervention (vagus nerve stimulation or standard pharmacological/non-pharmacological therapy) and a latent factor, patient trajectory toward response, on mortality, suicide and suicidal ideation. A total of 636 patients were available for an intent-to-treat analysis of all-cause mortality, suicide and suicidal ideation. Patients treated with vagus nerve stimulation in addition to standard therapies experienced lower, but not statistically significant, all-cause mortality (vagus nerve stimulation 4.93 per 1,000 person-years vs. 10.02 per 1,000 patient years for treatment as usual) and suicide rates (vagus nerve stimulation 0.88 per 1,000 person-years vs. 1.61 per 1,000 patient years for treatment as usual). Treatment with vagus nerve stimulation produced a statistically lower relative risk of suicidal ideation 0.80, 95% confidence interval (0.68,0.95). Further, patients that responded to either treatment saw a 51% reduction in relative risk of suicidal behavior; relative risk and 95% confidence interval of 0.49 (0.41,0.58). In summary, we find that treatment with adjunctive vagus nerve stimulation can potentially lower the risk of all-cause mortality, suicide and suicide attempts.
Introduction
Major depressive disorder (MDD) is very common, affecting about 121 million people worldwide [1] . In the United States, the lifetime prevalence of MDD is approximately 16% and the 12-month prevalence is approximately 7% [2] . Treatment-resistant depression (TRD), an often more severe and/or more chronic subset of MDD, is characterized by failure to respond to multiple therapeutic interventions, including non-pharmacologic treatments [3] . The STAR*D trial [4] , a NIMH funded, large scale prospective study of over 3000 outpatients with nonpsychotic MDD demonstrated that up to 35% of patients could be considered to have TRD.
Major depressive disorder, particularly the treatment-resistant form, is characterized by significant financial burden to the individual and society resulting from lost productivity of both the patient with TRD and any caregivers, as well as increased direct health care utilization, including utilization associated with suicide attempts and mortality [5, 6] . Worldwide, MDD is the leading cause of years lived with disability and is projected to be the second leading cause of disability adjusted life-years (DALY) by 2020, where DALY measures the burden to the individual and society [7] . In addition, it is projected that self-inflicted injuries will be the 10th leading cause of death in 2020. Major depressive disorder and other comorbid psychiatric conditions have been shown to result in an average of 27 years of potential life lost, a measure of the risk of premature death [8] . A study in the United Kingdom observed that the average decrease in life expectancy for patients with recurrent major depressive disorder is 7 years lost for females and almost 11 years lost for males [9] .
Most research on therapeutic interventions for MDD addresses the effectiveness and adverse events (including suicidality) associated with those treatments, with limited focus on mortality. Several studies examined excess mortality associated with major depressive disorder [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the patients in these studies often have a less chronic and less severe form of depression than patients with TRD or were in studies undertaken prior to the availability of the current generation of anti-depressants and new trends in polypharmacy, such as the addition of atypical antipsychotics or simulant medications to the standard antidepressant medication regimen. In addition, they were generally long-term community-based, observational studies that did not evaluate the impact of a therapeutic intervention.
This report characterizes mortality and suicide risks associated with treatment-resistant depression from an observational study of comparing the performance of standard pharmacological and non-pharmacological therapies (TAU) to vagus nerve stimulation (VNS+TAU) therapy adjunctive to standard therapies.
VNS TherapyH consists of a small pulse generator surgically implanted in the chest that delivers intermittent stimulation (typically 30 seconds on, 5 minutes off) via an electrode partially wrapped around the left vagus nerve in the mid-cervical region; the electrical signals are in turn processed in the nucleus tractus solitarius and relayed to various regions of the brain [17] [18] [19] .
VNS has demonstrated antidepressant activity in animal models of depression [20] and in epilepsy studies where improvement in patient moods was seen independent of its impact on seizure activity [21, 22] .
VNS therapy was first approved for the adjunctive treatment of drug-resistant epilepsy in 1993 (Europe) and 1997 (US). It was subsequently approved in 2003 (Europe) and 2005 (US) for the adjunctive long-term treatment of chronic or recurrent depression for patients who are experiencing a major depressive episode and have not had an adequate response to four or more adequate antidepressant treatments. For both indications, there are specific age restrictions associated with the US FDA approvals. The effectiveness of VNS Therapy in depression has been previously reported in the literature [23] [24] [25] [26] [27] [28] [29] [30] [31] .
VNS Therapy has also been considered as a possible adjunctive treatment for traumatic brain injury (TBI). This signal was first noted in patients with post-traumatic epilepsy who were non responsive to surgery [32] . Subsequently, animal models of TBI have led to the theory that VNS may play a role in TBI, potentially mediated by its effects on the immune response [33, 34] . VNS Therapy's ability to modulate the inflammatory response in both animal models [34, 35] and humans [36] [37] [38] [39] could lead to approved applications in other immunologically mediated disease states.
Beyond the effects of VNS in the central nervous system, the modality has also been shown to have significant peripheral effects. Recently, a pilot study has been completed evaluating the effects of VNS Therapy in patients with congestive heart failure (CHF) [40] . Positive results in this pilot study led to larger feasibility study in CHF being undertaken and recently completed [41] . The positive effect in CHF has led to the postulation that VNS Therapy may have a positive impact in patients suffering from ventricular arrhythmias [42] .
Methods

Objectives
This research uses the results of an observational study to characterize the all-cause mortality rate, suicide rate and rate of suicidal ideation in patients with TRD. These rates are then compared for two interventions, standard treatment-as-usual (TAU) pharmacotherapy, where all available therapeutic interventions are allowed, including electro convulsive therapy (ECT) and psychotherapy, and VNS Therapy adjunctive to treatment-asusual pharmacotherapy (VNS+TAU).
Description of Procedures or Investigations Undertaken
The TRD Registry (NCT00320372) is an ongoing, post-market surveillance study required by FDA as a condition of approval of the treatment-resistant depression indication for VNS Therapy to evaluate long-term patient outcomes.
The study is an observational, open-label, longitudinal, multicenter (45 US centers) registry of 500 patients with TRD treated with VNS+TAU and 300 patients with TRD treated with TAU. Patients are followed for 60 months, until withdrawal from the study, death or study completion.
Data collected included patient demographics and medical (especially psychiatric) history, concomitant medications and medication history and measures of clinical effectiveness including the Clinical Global Impression Improvement (CGI-I) [43] , Montgomery-Å sberg Depression Rating Scale (MADRS) [44] and the Quick Inventory of Depressive Symptomatology SelfReport (QIDS-SR) [45] . Safety measures assessed included mortality, suicidal ideation and side effects. Mortality, including suicide, is assessed through long-term follow-up. Suicidal ideation is measured using the Assessment of Suicidality (AOS) and MADRS Item 10 (Score $4. ''Probably better off dead. Suicidal thoughts are common, and suicide is considered as a possible solution, but without specific plans or intention.''). To ensure consistency in ratings, a central ratings group is used to rate patients for both the MADRS and AOS measures. Side effects were assessed using the Frequency, Intensity, and Burden of Side Effects-Rating (FIBSER) questionnaire [46] .
Participants
Patients were eligible for inclusion in the TRD Registry if the following criteria were met: 
Statistical Methods
Patient demographics and baseline characteristics were summarized using descriptive statistics for the patients in each clinical study. Summary statistics include N, mean, standard deviation, median, and range (minimum, maximum) for continuous variables. Frequencies and percentages are used for summarizing categorical variables.
Absolute risk of mortality or suicide and rate of suicidal ideation were quantified as the number of events divided by the total exposure time to treatment. In addition, time spent in a state of non-response, clinical benefit (MADRS percentage decrease from baseline greater than 25% but less than 50%) and response (MADRS percentage decrease from baseline of 50% or more) was determined.
Due to the observational nature of these data, stratification was used to control for potential confounding factors.
A simple stratified analysis was conducted for mortality and suicide based on age group at the time of latest follow-up or death (under 40, 40-65 and 65 and older). Standardized mortality ratios (SMR), the observed number of deaths in the study population divided by the expected number of deaths in the US population, were calculated. The expected number of deaths was determined from published age-specific US mortality and suicide rates (Tables  III, 3 and 10 of reference [47] ). A SMR that exceeds 1 indicates that the study population has excess mortality relative to the US population.
A model for propensity scores [48] was identified using stepwise logistic regression methods on the binary outcome of treatment assignment, VNS+TAU treated = 1, TAU treated = 0. The significance level to enter (0.3 and 0.2) and significance level to remain (0.35 and 0.1) in the model were varied to assess the impact of these factors on model choice. The model considered the potential confounders in Table 1 and their two-factor interactions. Balance was assessed by examining the F-tests (continuous variables) or Cochran-Mantel-Haenszel (dichotomous or polytomous variables). The propensity scores were stratified into quintiles 1-5.
A second stratified analysis of mortality and suicidal ideation was performed treating the propensity score quintiles as strata [48] , thereby adjusting for baseline confounders. Finally, we stratified suicidal ideation by both propensity score quintiles and treatment response (non-response, clinical benefit and response).
For stratified analyses, crude rates and standardized rates were calculated using standard methods [49] . The treatment groups were standardized against overall exposure for the entire population of patients in the study. The Byar approximation for confidence intervals for rates and SMRs was used [49] .
A more parsimonious approach was taken to estimate standardized rates and relative risks for suicidality, allowing the assessment of the impact of treatment and whether the patient's outcome trajectory led to response or non-response. This involved fitting a marginal structural model [50] to the logarithm of the count of suicidal ideations with an offset of the logarithm of patient-years (converting the count to a rate) and explanatory variables of treatment (VNS+TAU or TAU), response (responder vs. non-responder) and the treatment by response interaction. Propensity scores were used as weights. The significance of the interaction was assessed and if non-significant was dropped from the final model. Confidence intervals for the relative rate ratios of suicidality of VNS+TAU compared to TAU and responders compared to non-responders are provided.
Two additional analyses were performed on medications and side effects. We examined patterns in changes in therapy over the course of the study to determine whether or not these differed between groups, which could indicate a potential bias. The FIBSER burden was tabulated longitudinally to determine if the side effect profile differed between the two groups. A score of 0-2 for burden of side effects is an acceptable side-effect burden usually requiring no treatment adjustment. A score of 3 or 4 indicates moderate side-effect burden that should be evaluated further and an adjustment such as a dose decrease considered. A score of 5 or 6 indicates a high burden warranting a change such as dose decrease, switching, or direct treatment of the side effect(s). [51] . Both analyses were qualitative in nature.
A significance level of 5% was used for all analyses. Statistical analysis was performed using SAS version 9.1.3 (SAS Institute, Cary, North Carolina) and Microsoft Excel. Figure 1 describes the patient flow during the course of the study. A total of 719 patients were assessed for eligibility; 682 were determined eligible and were enrolled in the study at 45 sites. After completing the screening visit, patients selected VNS+TAU (373) or TAU (309) options based upon which they believed was the best medical treatment. In May 2007, after the study had started, the Center for Medicaid Services issued a 'non-coverage' decision for VNS in TRD. This limitation in access and reimbursement caused treatment arm changes by precluding some patients from being implanted with VNS Therapy. A total of 34 patients exited the study prior to supplying any baseline data. After accounting for exits prior to implant and cross-overs, all 335 patients treated with VNS+TAU and 301 patients treated with TAU are considered in the subsequent intent-to-treat analyses. Patients in the VNS+TAU group have been followed for an average of 3.2 years vs. 2.1 years for the TAU group. Table 2 summarizes the baseline characteristics of the study participants by treatment group.
Results
Patient Characteristics
The two treatment groups are well balanced for age, gender and length of illness. However, several baseline characteristics show notable differences. Patients treated with VNS+TAU have a more severe disease state than patients in the TAU group: increased history of ECT utilization (58% vs. 45%), a greater number of previous medications tried (8.0 vs. 7.3) and greater rate of psychiatric hospitalizations (2.8 vs. 1.9). We note that the greater use of prior treatment trials (ECT and medications) in the VNS+TAU likely reflects that the majority chose VNS+TAU as a final alternative when all other treatments had failed.
This more severe illness is corroborated with through baseline assessments of depressive illness as the MADRS and CGI-S To further assess the comparability of the two treatment groups, we examined medical history (Table S1 ) and family history of drug abuse and psychiatric illness ( Table 3) .
The percentage of patients with histories of various illnesses was similar for the VNS+TAU and TAU groups. The exceptions were that the VNS+TAU group had a greater percentage of patients with current diagnoses of irritable bowel syndrome, hyperthyroidism and irregular heart rates at baseline. Both irritable bowel syndrome and hyperthyroidism are chronic health conditions that can be co-occurring with depression and can exacerbate symptoms and complicate a patient's response to treatment. The higher baseline prevalence of irregular heart rates in the VNS+TAU treatment group may have increased the risk for cardiac death. This may have been mitigated by the potentially cardio-protective impact of vagus nerve stimulation noted earlier.
The TAU group had a greater percentage of patients with current diagnoses of cancer. One of the patients with a diagnosis of thyroid cancer did in fact die from liver cancer during the study.
However, none of these issues would likely have impacted or biased measures of suicidality.
Similarly, we identified no significant trends in the family history of substance abuse and psychiatric illness that would indicate any differences between treatment groups.
The propensity score model resulted in a model utilizing terms for race (Caucasian vs. Other), length of current depressive episode, number of lifetime suicide attempts, ECT history (yes or no), baseline scores for the CGI-S, MADRS and QIDS-SR and two factor interactions between baseline CGI-S and ECT history and baseline QIDS-SR and the number of lifetime suicide attempts. None of the Cochran-Mantel-Haenszel or F-tests comparing treatments or treatment by propensity score quintile interaction were significant indicating that subclassification by propensity score quintiles was effective in removing bias. Table 4 shows the number of patients per propensity score quintile along with the demographic characteristics. Basic demographic characteristics are similar. Note the marked gradation of disease state severity from propensity score quintile 1 to quintile 5 and that this composite measure confirms that the more severely ill patients were assigned to VNS+TAU.
Significant increases across quintiles can be seen for hospitalizations, suicidality (prior attempts during lifetime and current episode, as well as the percentage of suicidal patients at baseline) and baseline assessments (CGI-S, QIDS-SR and MADRS). Note also that the percentage of patients with a bipolar diagnosis increases with propensity score quintile. Table 5 summarizes all-cause mortality and suicide rates in the two treatment groups, overall and by age; both crude and standardized rates are provided, along with an analysis by each group. The standardized all-cause mortality (4.46 vs. 8.06 per 1,000 person years) and suicide rates (0.88 vs. 1.61 per 1,000 person-years) for patients treated with VNS+TAU are about half that of the patients treated with TAU alone, but they are not statistically lower due to the low mortality rate in both groups. Similar results were noted when stratifying by propensity score quintiles.
Outcomes
We note that most of the patient deaths occurred in the 40-65 age group. Overall excess mortality, as measured by the SMRs in Table 5 , indicates that there appears to be no excess all-cause mortality relative to the US population; the 95% confidence In contrast, as expected, both groups have a significantly elevated rate of suicide relative to the US population, approximately 6 times as great for the patients treated with VNS+TAU, 5.72 with 95% confidence interval (0.07,31.82), and 10 times as great for patients treated with TAU alone, 9.98 with 95% confidence interval (0.13,55.55). These results are similar to, if not slightly lower than, previous reports in similar populations of patients suffering from chronic depression.
Because the two treatment groups were well-matched on age, the more meaningful analysis is to stratify on the basis of propensity score quintiles to allow adjustment for other baseline confounders. Table 6 summarizes the stratified analysis of allcause mortality and suicidal ideation as measured by both the Assessment of Suicidality and MADRS Item 10 score. A similar analysis of suicide was not meaningful due to the small number of events, one in each group. The results are similar to stratification by age, the VNS+TAU group had a mortality rate of 4.93 per 1,000 person-years, 95% confidence interval of 0.00 to 15.60, half of the rate for the TAU group, 10.02 per 1,000 patient years, with 95% confidence interval of 0.00 to 31.03. Further, we note that over 50% of the total exposure to treatment for VNS+TAU occurs for patients in propensity score quintiles 4 and 5, the most severely ill patients, in contrast to only 25% for TAU. Table 6 shows that suicidal ideation trends toward a higher rate at the more severe illness level. This is true with the MADRS Item 10 more so than for the Assessment of Suicidality, indicating that the MADRS Item 10 may be a more sensitive indicator of suicidal ideation and is better correlated with disease state. This is not surprising given that the likelihood of suicidal behavior was higher for patients in propensity quintiles 4 and 5, based on examination of the number of suicide attempts during the patients' lifetime and current episode, lifetime as well as the assessment of suicidality.
Patients treated with VNS+TAU have a 10-20% reduction in the risk of suicidality as compared to patients treated with TAU alone for the MADRS Item 10, reaching significance with the marginal structural model (Table 7 ). In contrast, the Assessment of Suicidality is more variable and indicates that there is no statistically significant difference between treatment groups. Table 7 shows the significant impact that response has on suicidal behavior. Response appears to be a stronger predictor of decreased suicidal behavior when included in the marginal structural model. As indicated in Table 7 , patients who respond have a statistically significant 51% lower suicide risk than nonresponders as measured by the MADRS Item 10; effects as measured by the standardized rates are even more pronounced. This is heavily weighted by the VNS+TAU group, which had the higher response rate, and a lower rate for decreased suicidal behavior, suicide and all-cause mortality. Even clinical benefit, having a 25-50% reduction in MADRS, appears to reduce suicidal behavior, as suggested by Table 8 .
Given that TAU allowed for the use of any available therapy, we report in Table 9 the median, minimum and maximum number of times therapies were added, stopped or had dosage increases or decreases throughout the study per patient, for each treatment group. Examination of this table reveals that the profiles of therapeutic interventions were similar for both treatment groups, so opportunities for bias would be limited at best. Interestingly, we note that more patients in the VNS+TAU group were able to stop taking therapies than in the TAU group. Further study of this phenomenon is warranted.
Similarly, an examination of the side effect profiles as measured by the FIBSER (Table 10 ), shows that the percentage of unacceptable site effects for VNS+TAU is higher than TAU, but Table 6 . Analysis of mortality and suicidal ideation event rates per 1,000 person-years, as measured by the Assessment of Suicidality (AOS) and MADRS Item 10, stratified by propensity quintile. that this difference dissipates over time. This is consistent with the experience in drug-resistant epilepsy and current product labeling [52, 53] .
Discussion
Key findings of our study were that patients treated with VNS+TAU experienced lower suicide risk and a potential signal toward decreased all-cause mortality rate. Additionally, the suicide and all-cause mortality rates in our study are generally consistent, or lower than, those reported in other large longitudinal studies of depression patients previously cited. Notably, the suicide rate for VNS+TAU is about half the standardized mortality rate observed in the TAU alone group. This lowered all-cause mortality rate is consistent with a recent report comparing patients with TRD in the US Medicare system treated with TAU (46.2 per 1,000 personyears) with patients treated with VNS+TAU (19.9 per 1,000 person-years) [54] .
These data suggest that both response to ($50% reduction in MADRS score) and partial clinical benefit (25 to 49% reduction in MADRS score) from VNS+TAU reduce the risk of suicidal behavior. Table 8 shows that the reduction in incidence of suicidal behavior is not restricted to responders but does occur for a continuum of antidepressant response for patients who show a partial clinical benefit. Most existing studies of depression therapies focus on response and remission of depressive symptoms as the primary clinical endpoints. This continues to be the appropriate gold standard; however, our study indicates that, in this treatment-resistant population, obtaining response or even moderate reduction of depression symptoms can effectively mitigate suicidal behavior.
These results were obtained in the backdrop of a unique study that includes a large number of patients with severe and chronic MDD who were followed for two to three years for two interventions. In contrast, most published data assessing interventions, generally pharmacotherapy, involve much shorter follow-up periods, usually one to two months and do not include TRD patients [16] . Studies with longer follow-up periods are observational cohort studies that aim to describe mortality and suicide rates and assess the impact of the disease state severity or demographic factors. The present study allows both objectives to be met: longer follow-up and assessment of the impact of a successful or unsuccessful therapeutic intervention has on mortality and suicide risk.
In addition, based on baseline CGI-S, QIDS-SR and MADRS scores, the patients in this study are more chronically and often more severely ill than many other patients studied in other papers previously referenced. For example, the average CGI-S across 207 anti-depressant trials is 4.1 to 4.6, as compared to the averages of 4.7 (TAU) and 5.2 (VNS+TAU) in our study [16] . Despite this difference in severity of illness, the suicide rate is less than that reported in most large series of monotherapy RCTs for the various medications used in patients treated in the TAU group. In addition, all available therapeutic interventions were allowed, including electro convulsive therapy (ECT) and psychotherapy, in the TAU group for this study. The greater effect in treatment responders suggests that adjunctive VNS therapy may act synergistically with pharmacotherapy to improve depressive symptoms and decrease suicidal ideation, ultimately decreasing the incidence of suicide and premature death in patients with TRD. This is significant as the only other therapy associated with a similar reduction in suicidal ideation and suicide risk in patients with MDD, as well as bipolar disorder, is lithium as suggested by placebo-controlled trials [55] and a number of reviews [56, 57] .
Severely ill patients (5 th propensity score quintile) also see a significant benefit from adjunctive VNS therapy, e.g., reduction in suicide risk. However, this reduction is not to the same degree as less severely ill patients, indicating that patients with a greater degree of illness severity may need an appropriate increase in frequency of physician follow up initially. This continued level of suicide risk is not surprising given that this group had twice the rate of suicide attempts and hospitalizations at baseline.
With respect to mortality rates, fortunately, only a small number of participants died during the study; details are provided in Table  S2 . This, combined with the variety of causes with several nonnatural causes (homicide, suicide, accident) and several not known, precludes us from assessing if adjunctive VNS therapy leads to a decrease in mortality by natural causes potentially influenced by the vagal system. This limitation also prevented an assessment of whether mortality is dependent upon therapeutic response.
Although this is a limitation of the study at this time, it does provide an interesting potential signal to be explored as additional data are collected. The mechanism of action for such a potential may be solely related to differential antidepressant response between groups. Alternatively, it may indicate that adjunctive VNS therapy has particular clinical utility for patients with TRD who are at increased risk of mortality resulting from conditions modulated by the vagus nerve, such as patients with cardiac and vascular insufficiencies or immunologically compromised patients.
Given the current awareness of increases in all-cause mortality in patients with severe mental illness, the current study addresses an important outcome variable often ignored in prospective clinical trials and prospective observations. The findings of our study are thus significant both from the prospective of clinical Table 9 . Tabulation of Changes in Therapy. outcome as well as the public health burden imposed on society by these patients.
Limitations
The key limitations of this study are that it is non-randomized and observational in nature. In particular, selection bias was present as patients were allowed to choose their allocation to VNS+TAU or TAU which created the difference in disease severity between the two treatment groups; more severely ill patients were more likely to desire VNS+TAU as they had exhausted most other treatment options.
The impact of this selection bias was assessed via stratification and would have theoretically increased the likelihood of nonresponse, suicidal ideation, suicide and mortality in the VNS+TAU group due to the allocation of more severely ill patients. 
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